9, and 11). Comparing Siah1a and Siah2's ability to affect the To monitor the expression level of endogenous PHD3, steady-state level of the PHDs revealed that both dewe generated an affinity-purified rabbit polyclonal anticreased abundance of PHD1 and PHD3, but not PHD2, body against PHD3, which did not crossreact with ecand that Siah2 exhibited a stronger effect on both PHDs topically expressed PHD1/2 (Supplemental Figure S4 than Siah1a ( Figure 1D ). These findings show that both available on Cell website). As expected, endogenous Siah1a and Siah2 (Siah1/2) reduce the steady-state levexpression of PHD3 was higher in Siah2 Ϫ/Ϫ than in els of PHD1/3. Since Siah2's activity was more potent Siah2 ϩ/ϩ cells grown under normoxic conditions (Figure than Siah1a's, we focused on Siah2 in subsequent 2C, lower image). Higher level of PHD3 in Siah2 Ϫ/Ϫ cells studies.
could be reduced upon exogenous expression of Siah2 To identify the degradation pathway by which Siah2 ( Figure 2C , lower image). Moreover, hypoxia treatment decreases PHD3 stability, we tested the ability of differfor 5 hr decreased steady-state levels of endogenous ent protease inhibitors to block degradation. Whereas PHD3 ( Figure 2D ). This finding implicates Siah2's role the proteasome inhibitors MG101, MG132, lactacystin, in the degradation of endogenous PHD3 and also imand epoxomicin inhibited the degradation of PHD3 by plies that Siah2 activity toward PHD3 may be enhanced Siah2, the lysosomal protease inhibitors E-64 or chloduring hypoxia (see below). The residual decrease in roquine failed to do so ( Figure 1E Figure 2E ). The 
Siah2
Ϫ/Ϫ cells and barely detectable in Siah1a/2 DKO Alteration of HIF1␣ Stability in Siah2 Ϫ/Ϫ Cells Is Dependent on PHD3 Abundance cells ( Figure 3C ).
Since we have shown that PHD3 protein levels are higher in Siah2 Ϫ/Ϫ cells ( Figure 2C ) and given the changes in Inhibition of PHD3 Recovers HIF1␣ Expression HIF1␣ levels upon inhibition of PHD3 expression in cells in Siah-Deficient Mouse Fibroblasts that lack Siah, we tested whether altering the levels of Given the effect of Siah1a and Siah2 on PHD3, but not PHD3 during hypoxia is sufficient to modulate HIF1␣ on PHD2, we have assessed the changes in HIF1␣ exlevels. Transfection of PHD3 expression vector into pression in Siah2 ϩ/ϩ and Siah1a/2 DKO cells that were HeLa cells decreased, in a dose-dependent manner, maintained in either normoxia or hypoxia, in which PHD3 basal as well as hypoxia-induced expression of HIF1␣ expression was inhibited by a specific RNAi. Signifi-( Figure 4A ). Similarly, exogenous expression of PHD3 cantly, lack of HIF1␣ expression in Siah1a/2 DKO cells decreased the HIF1␣ level in Siah2 ϩ/ϩ cells in both norsubjected to hypoxia could be rescued upon inhibition moxia and hypoxia to levels seen in Siah2 Figure 3A) , we hypothesized that Siah2 targeting of PHD3 may be increased by hypgested that Siah2 expression levels are an important determinant of PHD3 abundance, we reasoned that hypoxia. Consistent with this idea, we showed that hypoxia enhanced the ability of Siah2 to induce degradation of oxia might increase Siah2 expression and hence potentiate PHD3 degradation. To test this possibility, semiexogenously and endogenously expressed PHD3 (Figure 5A) . Increase in Siah2 activity under hypoxia condiquantitative RT-PCR was used to monitor levels of Siah2 mRNA following exposure to hypoxia. This analysis retions was seen for both PHD3 and PHD1 ( Figure 5B) . Moreover, this effect was observed even under mild vealed a marked increase in the amount of Siah2 transcripts as early as 2 hr after exposure to hypoxia. Further hypoxic conditions (5% and 10% oxygen concentration; Figure 5C compare lanes 3, 6, 9, and 12 and lanes 1, 4, increase in the level of Siah2 mRNA was observed within 5 hr after exposure to hypoxia, followed by a decrease 7, and 10), demonstrating that the regulation of PHD3 stability is sensitive to oxygen tension. Monitoring GFP after 14 hr to levels somewhat higher than that seen in normoxia ( Figure 6A ). Moreover, consistent with our driven from the same promoter as PHD3 revealed that neither Siah nor hypoxia affect transcription or translafindings of decreased PHD3 stability under even mild hypoxia ( Figure 5C ), we found that Siah2 expression is tion of GFP (Supplemental Figure S7 available on Cell website). However, although hypoxia alone decreased induced to a similar extent by 1%, 5% or 10% oxygen concentration ( Figure 6B ). Under the same conditions that Siah2 null animals may exhibit altered physiological HIF1␣ expression is elevated as early as 2 hr following responses to hypoxia. Exposure of mice to chronic hyphypoxia and in mild hypoxic conditions (10% or 5%; oxia induces an increase in red blood cell production Figures 6C and 6D) . Since the increase in Siah2 tran-(polycythemia), attributable to increased expression of scripts precedes the increase in HIF1␣ expression (at the HIF1␣ target gene erythropoietin (Wenger, 2000) . 10% hypoxia Siah2 transcripts increase substantially, HIF1␣ heterozygous mice exhibit a delayed polycythewhereas HIF1␣ levels are minimally elevated), it is likely mic response following chronic hypoxia (Yu et al., 1999) , that factors other than HIF1␣ induce Siah2 expression demonstrating the importance of HIF1␣ expression levduring hypoxia. Collectively, these findings lead us to els for this response. Consistent with our biochemical propose a model in which transcriptional upregulation data showing that Siah2 is a positive regulator of HIF1␣ of Siah2 during hypoxia induces degradation of PHD3, protein abundance, we found that Siah2 Ϫ/Ϫ mice also providing a positive feed-forward mechanism to endisplay an impaired increase in red blood cell produchance HIF1␣ stability. tion, as measured by hemoglobin levels, following continuous treatment with hypoxia (10% oxygen) for 1-2 weeks ( Figure 7A ). Our analyses of physiological responses to hypoxia in Siah2 null mice provide strong evidence supporting our proposal that Siah2 is a component of oxygen-sensing systems. First, we showed that Siah2 null mice exhibit a defect similar to that of HIF1␣ heterozygous mutant mice in induction of polycythemia following exposure to chronic hypoxia. Second, we observed that Siah2 null mice lack a hyperpneic response to acute hypoxia and instead achieve hyperventilation solely through a dramatic decrease in metabolic rate. Interestingly, isolated carotid bodies of HIF1␣ heterozygous mutant mice displayed impaired neural activity on exposure to hypoxia (Kline et al., 2002) . The normal ventilatory response to acute hypoxia in these mice was attributed to increased utilization of chemoreceptors other than the carotid body (Kline et al., 2002) . In this context, it is particularly interesting that Siah2 null mice lack a mechanism that responds to even mild hypoxic condi- Figure 3D and data not shown) rated on 2D gels and specific spots (compared with empty construct was confirmed via RT-PCR analysis using specific primer combinaFlag IP) were identified via silver staining and subjected to mass tion for mouse PHD3 and PHD2. pSup-PHD3 was also transfected spec analysis using matrix-assisted laser-desorption/ionization re-(Ca-phosphate) into 293T cells for in vivo ubiquitination experiment flectron time-of-flight (MALDI-reTOF) mass spectrometry (MS) (Re-( Figure 1F ). flex III; BRUKER Daltonics, Bremen, Germany), as described (Erdjument-Bromage et al., 1998), and also using an electrospray ionization (ESI) triple quadrupole MS/MS instrument (API300; ABI/ Hypoxia Treatment MDS SCIEX, Thornhill, Canada) modified with an ultra-fine ionization Cells were treated under hypoxia (10%, 5%, and 1% O 2 ) in a hypoxia/ source. Selected precursor or fragment ion masses were used to tissue-culture chamber (Billups-Rothenberg, Inc.). Next, cells were search a protein nonredundant database, as described (Winkler et processed and in vitro reactions were carried out in a BioSpherix al., 2002). hypoxia working chamber monitored by a PROOX 110 sensor (BioSpherix NY).
In Vitro Association Experiment

GST-Siah2 and GST-Siah2
Rm were purified from bacteria using glutaAnimal Studies thione-4B Sepharose (Amersham Bioscience).
35 S-labeled PHD3 Experiments were performed on age-and sex-matched wild-type was translated in vitro using a TNT-coupled reticulocyte lysate sys-(ϩ/ϩ) and Siah2 null (Ϫ/Ϫ) mice, n ϭ 7 for both cohorts. To subject tem (Promega). After preincubation in 0.1% BSA/PBS for 1 hr, GSTmice to chronic hypoxia, the nesting box was placed within a plexiSiah2 or Siah2
Rm attached to glutathione-4B Sepharose and glass chamber and the atmosphere within the chamber maintained 35 S-labeled PHD3 were incubated at 4ЊC for 2 hr. The beads were at 10% O 2 by blending air and nitrogen with the flow adjusted so that extensively washed with PBS containing 0.5% NP40 and 150 mM CO 2 levels leaving the chamber (monitored daily) were maintained at NaCl three times before subjection to SDS-PAGE followed by autoless than 0.3%. radiography.
Hematology Blood samples were obtained by retroorbital sinus puncture on Immunoprecipitation and Western Blotting day 0 (normoxia) and days 3, 7, and 14 in hypoxia. To determine 293T cells were transfected using the calcium-phosphate method. hemoglobin concentration, [Hb] 10 l of blood were drawn into a HeLa cells and MEF were transfected using lipofectamine (Incuvette containing a modification of Vanzetti's reagents for azide vitrogen). Transfected cells were lysed in lysis buffer (50 mM Tris methemoglobin (Vanzetti, 1966) and analyzed spectrophotometriHCl [pH 8.0], 150 mM NaCl, 1% Triton, 0.1 g/ml PMSF, and 2 g/ml cally (Hb 201ϩ, HemoCue AB, Sweden). Each sample was analeupeptin). Anti-Flag antibody (1 g) was added to the lysate, follyzed twice. lowed by the addition of protein-G agarose (Invitrogen). The immuRespirometry noprecipitates were subjected to SDS-PAGE and transferred onto Unanesthetized animals were weighed and body temperature (Tb) nitrocellulose membrane (Osmonics Inc.). The membrane was measured before being placed in a 500 ml plexiglass chamber probed with primary antibodies followed by a secondary antibody through which air flowed at ‫006-005ف‬ ml min Ϫ1 . Measurements conjugated with horseradish peroxidase and detected by the ECL of metabolic rate and respiratory variables were made on day 0 system (Amersham Bioscience).
(normoxia) and after acute exposure to hypoxia (10% O 2, 20 min), following three days in hypoxia and immediately on return to nor-RT-PCR Analyses moxia (after 20 min exposure). Metabolic rate and breathing pattern MEFs treated with or without hypoxia were harvested and total RNA were determined as outlined in Frappell et al. (1992) . Minute ventilawas extracted using an RNA extraction kit (QIAGEN). Complemention (V E ϭ tidal volume x frequency) was determined using the tary DNA was synthesized from 2.5 g total RNA using an oligo-dT barometric technique (Mortola and Frappell, 1998) . All experiments (18) primer. Primers used for PCR were VEGF-forward: 5Ј CCATGCA were performed at room temperature (22ЊC), V O 2 and V CO 2 were GATCATGCGGATCA 3Ј and reverse: 5Ј CCTTGGCTTGTCACATCT expressed at STPD (273.15Њ K, 101.3 kPa, dry) and ventilatory vol-GCAA 3Ј; Siah2-forward: 5Ј CTGTTTCCCTGTAAGTATGCTACC 3Ј umes at BTPS (Tb, 101.3 kPa, saturated). and reverse: 5Ј CACTGACAGCATGTAGATATCGTG 3Ј; PHD2-forStatistics ward 5Ј ATGGCCAGTGACAGCGGC 3Ј and reverse 5Ј CAACGG Differences between genotypes and exposure to hypoxia were ana-CTTGGTCTGCCC 3Ј; and PHD3-forward 5Ј ATGCCTCTGGGA lyzed with repeated measures ANOVA and post hoc modified t-tests CACATC 3Ј and reverse 5Ј TCAGTCTTTAGCAAGAGCA 3Ј; GAPDHwith Bonferroni correction. P Ͻ 0.05 was considered significant. forward 5Ј ACCACAGTCCATGCCATCAC 3Ј and reverse: 5Ј TCCAC CACCCTGTTGCTGTA 3Ј. The PCR reaction was carried out using (␣-32 P)dCTP to amplify VEGF, Siah2, PHD2, PHD3, and GAPDH for Acknowledgments 17, 25, 20, 25, and 15 cycles, respectively, and signals were detected by autoradiography.
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